a member of the MTB complex, is the primary causative agent of bovine TB (bTB) and a zoonosis. Due to the absence of large-scale, coordinated control programmes, bTB is endemic in many low-and middle-income countries.
Numerous prior studies have investigated the zoonotic risk of bTB using M. bovis isolation or extrapulmonary TB as proxies for zoonotic transmission; however, both methods likely result in conservative estimates (Nuru et al., 2017) . First, while M. bovis is the primary causal agent of bTB, M. tuberculosis and M. africanum infections have been documented in cattle (Cadmus et al., 2006; Cadmus, Alabi, Adesokan, Dale, & Stack, 2013; Cadmus, Yakubu, Magaji, Jenkins, & van Soolingen, 2010) . Second, while zoonotic transmission occurs primarily via unpasteurized contaminated milk and results in gastrointestinal and other extrapulmonary lesions, contact with infected animals can result in aerosol transmission and subsequent pulmonary TB (Berg et al., 2015; Etter et al., 2006) . In sub-Saharan Africa, where livestock production systems frequently result in close contact with cattle, zoonotic-origin pulmonary TB is likely to occur.
Several prior studies have investigated the association between human TB and cattle-associated risk factors, including bTB positivity and raw milk consumption, without distinguishing between members of the M. tuberculosis complex or excluding pulmonary TB cases (Berg et al., 2015; Fetene, Kebede, & Alem, 2011; Mengistu, Enquselassi, Aseffa, & Beyen, 2015; Mfinanga et al., 2003; Tschopp, Schelling, Hattendorf, Aseffa, & Zinsstag, 2009; Waziri et al., 2014) . One study did not include any TB-free controls, three used a hospital-based population and thus potentially induced selection bias, and three relied on self-reported TB status and thus potentially induced information bias (Berg et al., 2015; Fetene et al., 2011; Mengistu et al., 2015; Mfinanga et al., 2003; Tschopp et al., 2009; Waziri et al., 2014) . Furthermore, the findings of these studies do not reach a consensus; among those that evaluated bTB positivity in the cattle herd as a risk factor, odds ratios for TB positivity in humans ranged from a non-statistically significant 1.2 (95% confidence interval 0.6, 2.4) to a statistically significant 8.32 (95% CI 2.82, 24.6) (Fetene et al., 2011; Mengistu et al., 2015; Tschopp et al., 2009) . Among those that evaluated raw milk consumption as a risk factor, odds ratios ranged from 0.3 (95% CI 0.5, 1.8) to 8.8 (95% CI 2.6, 29.81) (Berg et al., 2015; Fetene et al., 2011; Mengistu et al., 2015; Tschopp et al., 2009; Waziri et al., 2014) . Thus, despite decades of human and animal research on the topic, the importance of zoonotic transmission of TB remains an unsettled debate.
To inform this debate, we used data from a cross-sectional survey administered in rural Uganda from 2014 to 2016 to evaluate the association between cattle-related exposures and tuberculosis skin test (TST) positivity in humans. The primary aim was to evaluate TST positivity in the cattle herd as the exposure of interest. We also evaluated whether this relationship differed by sex, as men are traditionally the primary keepers of cattle and thus have more sustained contact with infected cattle. As the secondary aim, we studied consumption of raw milk as the exposure of interest and evaluated effect modification by frequency of milk consumption. Finally, we fit a model with both cattle TST and raw milk as predictors, and an interaction term between the two.
We hypothesized that individuals with TST-positive cattle ("TB reactors") in their herd are at a higher risk of being TST positive than individuals without TB reactors in their herd, with this risk being greater in men than in women. We hypothesized this risk would be even higher when consumption of raw milk is considered as the exposure rather than TB reactors in the herd.
| MATERIAL S AND ME THODS

| Study setting
These data are a subset of the larger Syndemic Relationships Among Human Diets and Livestock Associated Zoonotic Disease cross-sectional study. This study evaluated risk factors for and frequency of zoonotic disease transmission in the study areas and was implemented by Veterinarians Without Borders, an NGO engaged in livestock and nutrition development projects in Africa.
We performed data collection in rural agropastoralist communities in Iganga, Arua and Moyo districts between 2014 and 2016.
Several of the communities sampled are polygamous, and study participants or local members of the study team at times identified study households as polygamous. Wives in polygamous marriages maintain separate households in these communities. Therefore, households were defined by wife for human and survey sampling, as each wife's household practices may be distinct. Households were defined by husband for cattle sampling and all herd-related variables, as cattle ownership is traditionally ascribed to the husband. These two household levels coincided in non-polygamous households.
| Recruitment of households
Within the three study districts, a total of 13 subcounties, 18 parishes and 71 villages were selected for sampling by local government officials, with preferential selection for subcounties containing more livestock. The same government official or a colleague then selected and mobilized (recruited) households within each village, with all households being eligible. The number of households that could be sampled • Similarly, raw milk consumption is not a strong predictor of human skin test positivity.
• In contrast with studies in similar settings, this study provides evidence that zoonotic transmission of tuberculosis may be uncommon in rural Uganda. Research efforts to define the drivers of these disparities are needed per village varied over time with budget and timeline considerations (mean 5.0 households per village, range 1-49) and was agreed upon at study team meetings held throughout the sampling period. No formal determination process was used. The first consenting households up to this number were selected, generating a convenience sample.
| Data collection
Survey administration and skin testing of human subjects was performed at each participant's home. Skin testing of cattle was performed at kraals (communal enclosures for livestock) if cattle were not kept at home. A trained member of the study team administered purified protein derivative to cattle and humans and interpreted the response after 48-72 hr.
One member of each household, typically the head of the household, completed the household survey. Surveys were developed and printed in English, and translation into the local language was performed by a trained and bilingual local member of the study team, simultaneous with interview administration. All consenting and present household members were eligible for TB skin testing. 
| Measures
The primary outcome was TST positivity in humans, defined as a 15 mm or greater reaction. This cut-off was chosen to improve specificity and minimize misclassification, as environmental mycobacteria can result in false-positive TST results (Soysal et al., 2005) . Cattle herds with one or more members with a 10 mm or greater reaction, using the caudal fold test (CFT), were defined as positive. This binary exposure was selected over prevalence (positive cattle in a given herd/total tested cattle in the same herd) as cattle prevalence was low in this population.
Consumption of raw milk was defined as "sometimes" if the household survey question "How is milk prepared for personal use?" was answered as "boiled and unboiled" or "unboiled," and "never" if the answer was "boiled."
| Data analysis
Descriptive statistics were used to compare characteristics of individuals who had at least one TB reactor in their cattle herd to those of individuals with no reactors in their herd. Similar comparisons were made for individuals with positive versus negative TSTs, and for individuals residing in households that reported sometimes versus never raw milk consumption.
Multivariable analyses were conducted using log binomial regression and a generalized estimating equation (GEE) to account for clustering by household, assuming an exchangeable working correlation structure. Where model non-convergence was encountered, an independence working correlation structure was used instead (Hanley, Negassa, & Edwardes, 2000) . Because BCG (bacille Calmette-Guerin) vaccination is commonly administered in Uganda and may lead to false-positive TST results in children and teenagers, these analyses were restricted to individuals 18 years of age or older, however, children were sampled in the larger study. Household identifiers were used as clustering variables as we hypothesized a priori that the most important level of outcome dependence would be the household in which the individual resides, as exposures are most likely to be shared at this level. This assumes outcomes are independent across households of residence. In households identified as polygamous, the household of residence was the wife's household. Missing data were addressed using complete case analyses.
Effect modification was judged on the basis of statistical significance testing of an exposure x effect modifier interaction term. Sex was evaluated as an effect modifier of exposure to cattle TB reactors, household frequency of milk consumption was evaluated as an effect modifier of raw milk exposure, and each exposure was evaluated as an effect modifier of the other in a joint exposure model containing both exposures and their interaction. Frequency of milk consumption was defined by response to the survey question "How many days in the past week the household has consumed milk?" without distinction between raw and boiled milk. Where effect modification was found, stratified results were presented. Sex was evaluated as a potential confounder where no effect modification was found.
We identified confounders to be adjusted for in the final regression models in three steps: first, we defined a priori risk factors for TB based on prior studies. Second, we constructed a directed acyclic graph (DAG) using DAGitty.net (Textor, Hardt, & Knüppel, 2011) to clarify causal hypotheses, identify the minimal adjustment set and avoid over-adjustment bias (Figure 1 ). Last, we evaluated associations with each exposure of interest and the variables in this set qualitatively, on the basis of bivariate frequency tables.
Characteristics identified as risk factors for TB based on prior evidence were: as follows inadequate ventilation (Mfinanga et al., 2003) , approximated by "Number of windows"; crowding within the household (Waziri et al., 2014) , approximated by "Number of people sleeping together in a single room"; knowledge of TB, judged to be "yes" if the response to the household survey question "Have you heard of [zoonotic] diseases before," was "TB" or "yes, TB" (Katale et al., 2012) ; religion, defined by the corresponding household survey question (Saha, 2016) ; self-reported age (Yen et al., 2017) ; exposure to human TB cases, defined by TST results in other household members; and socioeconomic status (SES) (Siroka et al., 2016) , approximated by house structure, number of rooms in the home, cattle herd size and educational attainment of household survey respondent.
The constructed DAG identified the minimal sufficient adjustment set to be religion, cattle herd size and knowledge of TB. Age was also added to this set, as this variable is likely to be strongly associated with TB risk, and may be associated with exposure by chance. Adjustment for these variables generated adjusted "total effect" estimates. Additionally, to isolate the effect of bTB exposure that does not go through exposure to other TST-positive individuals, we repeated all analyses with adjustment for the presence of TB in other household members ("direct effect").
For all analyses, robust standard errors were used, and statistical significance was determined using a two-sided α = 0.05. The STROBE checklist was used to guide the reporting of this manuscript (von Elm et al., 2008 ).
| Exploratory analyses
Several exploratory analyses were also conducted. First, we defined human TST positivity at 5-mm and 10-mm cutpoints. Second, we fit multilevel models clustering on village, with exposure to cattle TB reactors, raw milk consumption and village-level bovine TB prevalence as the predictor in three separate models. Finally, we evaluated potential risk factors for individual-level cattle positivity in separate GEE models, each clustering on husband's households: purchase of new stock in the past year, co-housing with humans, management system (communal grazing versus tethering versus both) and cattle herd size.
| Ethics
The parent study was approved by the Mildmay Uganda Research and Ethics Committee (REC REF 0,406-2015) and registered with the Uganda National Council for Science and Technology (approval #1830). (Table S1 ).
Rates of TST positivity were high in this population, being almost 40% overall. Herd-level prevalence was moderate, with 15% of cattle herds containing at least one reactor; however, individual bovid prevalence was low at 3.5% overall (50 positive cattle out of 1,441 tested).
| Study sample
Sample characteristics are presented in Tables 1 and 2 Table 2) . Individuals with and without TST positivity did not appreciably differ in other characteristics studied.
| Primary analyses
After adjustment for religion-Anglican, other Christian or Muslim, as an indicator variable-those with at least one TB reactor in their herd had a non-significant 13% lower prevalence of TST positivity than individuals without any TB reactors in their herd (PR 0.87, 95% CI 0.62, 1.22). After controlling for pathways mediated by exposure to other TST-positive individuals, PRs for exposure to cattle reactors were largely unchanged (Table 3 , "direct effect").
Cattle herd size was identified as a potential confounder of the raw milk-TST association, but was not adjusted for due to the large amount of missing data (169 out of 493 observations missing). After adjustment for religion, sex and self-reported knowledge of TB, those that ever consumed raw milk had a non-significant 6% lower prevalence of TST positivity (PR 0.94, 95% CI 0.64, 1.39) (Table 3); this PR was largely unchanged after control for exposure to other TST-positive individuals.
Sex was a significant effect modifier of the cattle TB reactorshuman TST positivity association; among men, the adjusted PR was 0.66 (95% CI 0.49, 0.87), versus 1.21 (95% CI 0.76, 1.95) among women (Table 3) . Frequency of milk consumption did not modify the association between raw milk exposure and human TST positivity. No statistically significant associations were found for the model that included both exposures and their interaction (Table 3 , "Joint Exposure").
| Exploratory analyses
Effect estimates were largely unaffected by use of a 5-mm or 10-mm TST cutpoint, or by use of multilevel models clustering on village (Tables S2b and S3 ). In an analysis of potential risk factors for individual-level cattle TST positivity, only cattle herd size and management system (communal grazing versus tethering versus both) were statistically significant predictors (Table S4) .
| D ISCUSS I ON
Of the studies that have evaluated the association between animal-associated risk factors and human TB infection or disease, two case-control studies conducted in Ethiopia found a strong positive association between exposure to bTB and TB disease in humans (Mengistu et al., 2015) . Of these, the higher reported odds ratio (OR) for herd prevalence was 8.32 (95% CI 2.82, 24.60). For raw milk consumption, two population-based cross-sectional studies, one in Tanzania and one in Ethiopia, found no association (Mfinanga et al., 2003; Tschopp et al., 2009) . However, three case-control studies in Ethiopia and one in Nigeria found strong significant associations, with the highest OR being 8.8 (95% CI 2.6, 29.81) (Berg et al., 2015; Fetene et al., 2011; Mengistu et al., 2015; Waziri et al., 2014) .
Conversely, and contrary to study hypotheses, in this study, exposure to bTB was associated with a non-significantly lower prevalence of TST positivity overall, a significantly lower prevalence in men and a non-significantly higher prevalence in women. This may be the result of differences in bTB exposure and outcome definition between this and prior studies, with the comparative cervical intradermal test and TB disease, respectively, used in prior studies. However, this discordance may also be due to bias within this study, poor generalizability across study settings, or both. Number of people sharing a single room in house of residency a 3.6 (1.6) 3.7 (1.7)
Education of survey respondent in corresponding household Kahwati et al., 2016; Romero Tejeda et al., 2006; Surujballi, Romanowska, Sugden, Turcotte, & Jolley, 2002) . We attempted to overcome these sources of exposure misclassification by studying consumption of raw milk as an exposure, but did not find appreciably different results. Second, sensitization from non-tuberculous mycobacteria, commonly detected in Uganda, may compromise specificity (Kankya et al., 2011; Errico, De Kantor, Baltar, Silva, & Millan, 1989) . Finally, TB disease may result in false-negative TST results, known as "anergy" (Margolis & Van Uitert, 1985) . Although all survey variables were measured at the household level and self-reported, we do not expect milk consumption or preparation to vary within a household or be subject to substantial error. Similarly, we assume that knowledge of TB (and behaviours to mitigate risk) is shared within a household.
Beyond these potential sources of bias, the discordance between our results and those of prior studies may be due to issues of generalizability. While this study as well as most of the prior literature was conducted in rural, subsistence agriculture settings, generalizability between such settings in Central East Africa versus the Horn of Africa may be poor. Herd TB prevalence was higher in the studies that reported an association (23.6%-43.3%) than in this study (15%) (Fetene et al., 2011; Mengistu et al., 2015) . Raw milk consumption was less common in our study (28.5%) and the concordant Tanzanian study (18.8%) than in the Ethiopian studies (49.3%, 87.1%) (Fetene et al., 2011; Mengistu et al., 2015; Mfinanga et al., 2003) . Similarly, sharing of housing with livestock and absence of windows were less commonly reported in our study than in all other studies. Thus, it appears the intensity of human-animal contact is greater in Ethiopia than Uganda.
While discrepancies with prior literature suggest generalizability to other rural communities is limited, generalizability to urban and peri-urban communities is likely limited further. Management systems in these communities tend to be more intensive, facilitating animal-to-animal transmission of bTB. Furthermore, European cattle breeds, known to be more susceptible to bTB than African breeds, are more commonly kept (Vordermeier et al., 2012) .
While these findings suggest that bTB does not pose a human health threat to pastoralists in Uganda, such conclusions should be cautiously made. It may be more accurate to conclude that in rural livestock-keeping communities with low bTB burden, in which milk is typically boiled, livestock uncommonly share housing with humans, and ventilation is subjectively adequate, exposure to TST-positive cattle may not be a strong risk factor for TST positivity in humans.
Nevertheless, the livestock morbidity and mortality caused by bTB may still influence human well-being in such communities.
The eradication of bTB has been achieved in much of the industrialized world through nationally or regionally coordinated control programmes that are not feasible in many bTB endemic areas (Palmer & Waters, 2011) .
As an effective vaccine is not available, prevention of human disease in these settings depends on minimizing zoonotic transmission. These findings provide evidence of a low-income, rural livestock-keeping setting in which bTB does not pose a strong risk for human TB infection, despite a lack of coordinated control efforts. Further research is needed to define the factors that drive disparate findings across similar settings, and the social and cultural motivations for these factors.
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